This article describes a possible cause of natural laminar-turbulent transition in channel flow, and the minimum critical Reynolds number R c,min is determined. It is assumed that the mechanism of transition is the same for both circular pipe flow and channel flow since each flow has its own minimum critical Reynolds number. Our starting points are that under natural disturbance conditions, transition appears to take place only in the developing entrance region and that the critical Reynolds number Rc becomes R c,min when using a sharp-edged uniform channel. In our previous studies of circular pipe flow, we have developed a model for transition and obtained R c,min = 1910 and 1950 in two mesh systems. In this study, for channel flow, the above transition model is verified by obtaining R c,min = 1190 and 1260 in two mesh systems.
1. Introduction. The notation used in this paper is collected in Appendix A.
1.1. Reynolds' problem. The laminar-turbulent (L-T) transition in circular pipe flow is one of the fundamental problems of fluid dynamics. Osborne Reynolds in 1883 [22] first found the Reynolds number Re = DV m /ν and also determined two critical values: an upper critical Reynolds number R c ≈ 12, 800 by the color-band method and a lower critical Reynolds number R c,min ≈ 2050, which he called the real critical value, by the pressure-loss method. The precise R c,min -value has not yet been agreed upon unanimously. A major unsolved problem is to theoretically obtain the minimum critical Reynolds number R c,min . This challenge is called "Reynolds' problem." Why is it difficult to solve Reynolds' problem? It is unclear what causes all the transitions in pipe flow and in channel flow. We suppose that there are two key parameters to the problem:
(i) Regarding the primary parameter of transition, White [32] states that "Transition depends upon many effects, e.g., wall roughness or fluctuations in the inlet stream, but the primary parameter is the Reynolds number." Why is the Reynolds number itself the primary parameter determining L-T transition?
(ii) Regarding the transition length, Reynolds [22] states that "Under no circumstances would the disturbance occur nearer to the trumpet than about 30 diameters in any of the pipes, and the flashes generally but not always commenced at about this distance." Why is the transition point nearer to the pipe or channel inlet, not the inlet itself?
In our previous studies we obtained R c,min = 2050 and 2200 experimentally [13] and 1910 and 1950 theoretically [12] based on several assumptions (see Section 1.3) . In this study, for channel flow, the above transition model is verified. (ii) The value of R c depends greatly upon the experimental setup such as the use of calming chamber, baffles, honeycomb, and screens. Accordingly, it is desirable for the initial ETNA Kent State University and Johann Radon Institute (RICAM) 548 H. KANDA analysis to avoid geometrically complex channel entrances. Entrance shapes are limited to a sharp-edged inlet and depth-contraction rounded entrances, excluding width-contraction entrances. Channels have smooth-surface walls.
(iii) Each experimental apparatus has two types of R c -numbers: R c1 , R c2 from laminar flow to turbulence, and R c3 from turbulence to laminar flow (reverse transition). R c1 is qualitatively associated with small-magnitude-disturbance conditions at the inlet, and R c2 is for medium-magnitude-disturbance conditions.
(iv) The type of disturbances should be natural and not artificial; there is no artificial disturbance generator in a test region or in the fully developed Poiseuille region. A disturbed inlet flow as seen in Reynolds' pressure-loss experiments or a disturbance generator set in front of the inlet is available.
1.3. Assumptions and objectives. Our assumptions are as follows: (i) The fundamental characteristics of L-T transition are the critical Reynolds number R c under which no turbulence exists and the transition length x t , which is defined as the distance from the inlet to the point at which L-to-T transition takes place.
(ii) The mechanism of L-T transition in pipe flow and channel flow (flow between parallel plates) seems to be the same, i.e., both circular pipe flow and channel flow are internal flows bounded by smooth walls and have their own minimum critical Reynolds number R c,min and pressure drops (∆p) wc normal to the wall near the inlet (see Figures 5.1 and 5.2) . On the contrary, flow on flat plate (boundary-layer flow) is an external flow and does not have its own R c,min . However, x t is one of the key characteristics of L-to-T transition in pipe flow, channel flow, and boundary-layer flow (Section 2.2).
(iii) Consider the transition point. Natural transition to turbulence seems to occur only in the developing entrance region, particularly in the vicinity of the inlet, but does not occur at the inlet itself. No transition appears to occur experimentally in the fully developed Poiseuille region under natural disturbances (see Table 1 .1).
Many researchers have concluded that the flow may become turbulent long before it becomes fully developed Poiseuille flow [7, 11, 12] . Taneda [29] claimed that transition in pipe flow occurs only in the entrance region. Badri Narayanan [1] states that in channel flow the spots are born in some region near the entry section and, after traveling some distance, merge. He also states that the transition point lies at X t (= x t /(HRe)) = 87/3460 = 0.0251 for x t /H = 87 and Re = 3460 and that it moves toward upstream, nearer to the entry as Re is increased, and is at X t = 12/3850 = 0.00312 for x t /H = 12 and Re= 3850.
(iv) So far, three major aspects have been studied regarding phenomena in the entrance region [6] : (a) a pressure difference between any two sections in the axial direction; (b) a velocity distribution at any section; and (c) the length of the entrance region L e . According to many previous investigations, variables such as velocity and pressure distributions become similar and independent of the Reynolds number when they are plotted against the dimensionless distance X (= x/(HRe)).
(v) Therefore, it is important to find variables which vary in the entrance region, particularly near the pipe or channel inlet. For this purpose, we found the transverse pressure drop (∆p) wc between the pressure on the wall and on the centerline (see equation (2.1) [10] ); the values of (∆p) wc decrease as Re increases, appearing only near the inlet and disappearing downstream as seen in Figure 5 .1.
It is noted that (∆p) wc cannot be disregarded in the developing entrance region, whereas the boundary-layer approximations disregard this transverse pressure drop.
(vi) From previous experimental results (see Table 1 .1), it appears that the value of R c is determined greatly by the depth-contraction ratio of the entrance sections in two dimensions, not by the width-contraction ratio, i.e., each experimental apparatus has its own R c and x t [13] . In the case of a sharp-edged inlet, R c takes a minimum critical Reynolds number R c,min .
(vii) Possible primary causes of L-T transition are the wall effects based upon Panton's wall model [20] (see Section 3). Lindgren states that "the experiments indicate that real turbulence-both in flashes and in continuous turbulent regions-is maintained by direct action of the bounding walls [18] ." Therefore, the objectives of the present study are as follows:
(1) to confirm the wall effects in determining R c , (2) to confirm why the Reynolds number is the primary parameter for L-T transition, (3) to theoretically obtain R c,min in channel flow, and (4) to confirm that the above mentioned assumptions apply for determining R c,min in both pipe and channel flows.
Characteristics of the entrance flow.
2.1. The entrance length. The entrance region considered in this study includes streamlined contraction, or depth-contraction, entrances. Thus, the inlet (x = 0) is the channel inlet for a sharp-edged entrance channel and is the inlet end of the contraction section for contraction entrance channels.
The entrance length x e is defined as the distance from the inlet to the point downstream where the centerline velocity u c reaches 99% of its fully developed value (u c /V m = 0.99 × 1.5 = 1.485; see (4.8)). Then, for channel flow, the dimensionless entrance length L e is given for Re ≥ 500 [3, 27] by 
Author
Flow Re
Reynolds [22] Bellmouth Pipe 12800 30 3.84 × 10 5 Rivas, Shapiro [23] " --8 × 10 4 ∼ 4 × 10 6 " " --5 × 10 5 Badri Narayanan et al. [ Since the streamlined length in contraction sections is small compared with L e , the value L e ≈ 0.044 can be used both for sharp-edged channels and for contraction-entry channels in this study.
The transition length. (i)
The dimensionless transition length X t is defined as the normalized distance from the inlet to the transition point as shown in Table 1 .1: 
Let Rx t be the length Reynolds number of transition. The relation between Rx t and the transition length x t in a pipe and channel flow is expressed as
For pipe flow and channel flow, in a stream of moderate initial disturbance (i.e., bellmouth or contraction entrance condition), the length Reynolds number of transition Rx t is of the order of 5 × 10 5 as seen in Table 2 .1. Regarding the flat-plate boundary layer flow, with care in polishing the wall and keeping the free stream quiet, the transition Reynolds number Rx t is about 3 × 10 6 . However, for typical commercial surfaces and gusty streams, a more realistic value is Rx t ≈ 5 × 10 5 [32] . Thus the value of the length Reynolds number of transition Rx t is almost the same in pipe, channel, and boundary-layer flows.
Therefore, it is clear that the transition length x t is one of the fundamental characteristics of L-T transitions together with the critical Reynolds number R c (see Section 1.3).
2.3. The pressure drop in the entrance region. Here the pressure difference and the pressure drop are defined and distinguished to avoid confusing them. Let the pressure at the inlet be zero (see x = 0, i = 1, Figure 3 (i) The axial pressure difference (∆p) x is negative, defined as
and can be used in finite difference expressions, i.e., 
(iii) There is the transverse pressure drop (∆p) wc in the transverse or normal direction between the pressure on the wall (p w = p| y=h ) and on the centerline (p c = p| y=0 ) (see Section 5.3):
The total pressure drop ∆P from the channel inlet consists of two components: (a) the pressure drop based on the fully developed flow, f · (x/H), and (b) the excess pressure drop K(x). K(x) is due to the momentum change of the increase in the kinetic energy flux, ∆KE flux(x), and the accumulated increment in the wall shear K Shear (x) between developing flow and Poiseuille flow [3, 27] , i.e.,
Accordingly, ∆P can be expressed as
where the Darcy-Weisbach friction factor f is 24/Re for fully developed Poiseuille flow (see (4.11) ) and the primes ( ) denote dimensionless variables (see (6.1) and (6.5)).
The excess pressure drop K (x) increases monotonically from 0 at x = 0 to a constant value K (∞) in the fully developed region, and the dimensionless value of K(∞) is expressed [3, 27] as
Re .
Note that K (∞) includes ∆KE flux of 19/35 (≈ 0.5429) (see (6.5)), which is the increase in the dimensionless kinetic energy flux from the entrance flow to Poiseuille flow.
3. Wall effects and the control-volume method.
3.1. The wall model.
(i) Panton [20] states about a wall model that "the no-slip condition at the wall means that the particles are not translating; however they are undergoing a rotation. We might imagine that the wall consists of an array of marbles, which are rotating but remain at the same location on the wall."
(ii) Accordingly, there are two regions transversely between the channel wall and the centerline in a channel: the wall region and the flow region. Fluid particles in the wall region do not move or change so that the no-slip boundary condition is due to the fluid particles in the wall region. On the other hand, fluid particles in the flow region move downstream.
(iii) The "marbles" of the above statement can be interpreted as an array of "vorticity" in the wall region so that our wall effects are based upon the viscous terms on the wall of the Navier-Stokes equations. (ii) The wall region is the space between the transverse boundary Section-2 (j = (J 0 + J 1 )/2) and the wall surface indicated by gray circles of vorticity on the wall (j = J 0 ).
(iii) The combination of the wall region and the flow region may be called the "wall control volume" since it is similar to that of the "control volume" as shown in Figure 3 
Hence there is a difference in the external region: for the wall control volume, the external region is the wall region inside of the channel, whereas for the control volume the external region is outside of the channel. However, we assume that the two external regions similarly exert body forces as the body forces due to external regions are those which act upon the entire flow region or the entire control-volume region.
Control volume and state function.
We refer to the "control-volume method" [31, 32] and thermodynamics [15] to analyze the transverse pressure drop (∆p) wc in the wall control volume.
(i) The control-volume method is using a finite region, making a balance of the flow in versus the flow out, and determining gross flow effects such as the force or torque on a body or the total energy exchange.
(ii) In the control volume, body forces are due to external fields (gravity, magnetism, electric potential) which act upon the entire mass within the element; similarly, body forces are due to the wall fields (curl of vorticity, etc.) which act upon the entire fluid in the flow region. (iii) The concept of the control-volume method is nearly the same as that of the thermodynamic approach.
In thermodynamics, the state of a system is specified in terms of macroscopic state variables such as volume V, pressure p, and temperature T . Functions of state variables such as internal energy U int and enthalpy H are called state functions. Then the enthalpy is defined by
where the dimension of pV is [energy or work; joule] from (3.1).
(iv) For most solids and liquids, at a constant temperature, the energy U int does not change much with pressure (∆U int ≈ 0). Since the change in volume is rather small unless the changes in pressure are very large, the change in enthalpy ∆H due to a change in pressure ∆p can be approximated by
If the external region performs some work ∆W upon the control-volume region, then
2) means that an applied force due to the external region exerts a body force upon the control-volume region, and the body force does some work (∆W ), which equals (V∆p) by Newton's Second Law of Motion. Note that this process may apply to the wall control volume.
Wall effects and the N-S equations.
(i) In the wall control volume, external forces are due to the axial and transverse viscous terms of the Navier-Stokes equations on the wall or in the wall region.
(ii) The Navier-Stokes equation in vector form is expressed as where V is the velocity vector and p is the difference of the actual pressure from the hydrostatic pressure [6] .
Since V = 0 on the wall, (3.3) reduces to
Vorticity and its curl in two dimensions are defined by
where ω x and ω y are zero. Thus the axial and transverse components of the curl of the vorticity in two dimensions are expressed by its definition and (3.4) as
Therefore the wall effects are based on the axial and transverse viscous terms of the Navier-Stokes equations, respectively.
(iii) We consider body forces due to the upper and lower wall regions. Each term in (3.4) is assumed to be a constant since they are in the fixed wall region.
The volume of the flow region V is expressed for an axial distance ∆x in the channel as V = 2b(h − ∆y)(∆x) ≈ 2bh(∆x), where b is the channel width and H = 2h is the channel height or depth. By the integrals of the left term in (3.4), we have
Thus, by multiplying (3.7) and (3.8) by the volume of the flow region V, the applied forces due to the wall control volume or the external forces are expressed as
where (A) and (T) denote axial and transverse, respectively. Hereafter, ω denotes ω z since ω x and ω y vanish in two dimensions.
3.5. The vorticity and its curl on the wall. We consider the relation between vorticity and its curl on the wall in the developing entrance region, (3.5) and (3.6) . The axial velocity distribution near the wall can be approximated by a quadratic equation or parabola near the wall and a constant in the central part as indicated in Figure 3 .3 [28] : where C is a constant depending on x i . (For Poiseuille flow, see (4.8)).
Differentiating (3.11) twice with respect to y gives
Accordingly, from (3.7) and (3.12), we have
4. The axial force and power. In this section, we consider axial forces and powers in both the developing entrance region and the Poiseuille region. 
The applied forces due to the wall shear stress τ w and the axial pressure difference (∆p) x for the small axial distance ∆x are related as
The axial wall and flow forces.
(i) The axial wall force due to the upper and lower wall regions, denoted as A-Wall-Force, is expressed with (3.9) and (4.1) as where Q = 2bhV m is the volumetric flux. A-Wall-Power is made dimensionless by dividing (4.5) by Q[(1/2)ρV 2 m ]:
. .7) and (4.9), we have
It is noted that equations (3.13) and (4.10) are the same, satisfied in both the developing entrance region and the Poiseuille region.
From (4.7), (4.9), and (4.10), we have
where (f = 24/Re) is the Darcy-Weisbach friction factor for Poiseuille flow (see (2.3)).
5.
The transverse force and power. We consider transverse forces and powers in the developing entrance region. Note that they are zero in the Poiseuille region. where T-Flow-Force = T-Wall-Force by Newton's Second Law. It is noted from Figure 5 .1 that (∆p) wc defined in (2.1) decreases as Re increases and appears only near the inlet and disappears downstream, which are variable conditions for determining L-to-T transition in channel flow.
(iii) For pipe flow, we similarly have obtained the pressure drop in the radial direction (see Figure 5 .2, copied from [9] ). From Figures 5.1 and 5.2 , the L-to-T transition process appears to be the same in both pipe and channel flows.
T-Wall-Force, acceleration of fluid, and L-to-T transition. We consider the relation between T-Wall-Force and R c .
(i) T-Wall-Force and (∆p) wc satisfy the conditions for variables that vary in the entrance region, particularly near the channel inlet (see Section 1.3).
In the previous study, from (∆p) wc , we have obtained R c,min ≈ 910 when using (b) J 0 = 51 mesh points in the transverse direction and R c,min ≈ 1230 when (c) J 0 = 101 for channel flow (see Table 7 .2) [10] .
(ii) In this study, we try to obtain new values of R c,min from T-Wall-Force and to verify the method since T-Wall-Force is the primary cause and T-Flow-Force or (∆p) wc is the secondary result. (c) An increase in kinetic energy means that the pressure of the fluid decreases as can be seen in the first term on the right-hand side of (3.3). T-Flow-Force shows a result of this change.
(d) T-Flow-Force shows that the pressure on the centerline is higher than that on the wall. As explained in (b) above, however, the fluid near the centerline does not move towards the wall. Note that the dimension of V(∆p) wc is physically equivalent to energy, and by multiplying by a frequency (inverse of a period, ω| y=h ), the unit of [V(∆p) wc (ω| y=h )] becomes that of power (see (5.8) ).
(iii) The pressure drop in the transverse direction is approximated by the mean difference in the pressure between x i and x i+1 ,
The period during which T-Wall-Force acts on the flow passing along vorticity ω i,J0 and vorticity ω i+1,J0 on the wall is considered. The period ∆t * i may be estimated by dividing the axial mesh space ∆x by the mean velocity at two points (i, J 1 ) and (i + 1, J 1 ).
However, if this ∆t * i is the correct period, then an inconsistency is encountered. Three simple cases are considered as examples to illustrate this inconsistency.
(a) First, if the mesh aspect ratio is ∆x = 2∆y, (m = 2), as indicated in Figure 3 
T-Flow-Power(b) in V is calculated by adding the power in V1 and the power in V2,
where it is assumed that (∆p1) wc ≈ (∆p2) wc ≈ (∆p) wc and u To avoid the inconsistency between T-Flow-Power(a) and T-Flow-Power(b) above, the following period is required for a general mesh system of ∆x = m∆y:
This period in (5.7) is based on the following assumptions: Rotation of a fluid particle on the wall yields a vortex and a vorticity. Then the curl of the vorticity yields T-Wall-Force from (5.1). The diameter of vorticities on the wall is ∆y. Accordingly, T-Wall-Force is produced between two continuous vortexes or per ∆y.
( 
(ii) The transverse wall power (T-Wall-Power) is obtained from (5.7) by multiplying T-Wall-Work by the vorticity (ω| y=h ):
6. A criterion for determining R c .
Dimensionless variables.
In the numerical calculations, dimensionless variables denoted with prime ( ) are used:
where t is the time, ψ is the stream function, and x and X are the dimensionless axial coordinates. Note that x (= x/H) is used for the numerical calculation, and X (= x/(H Re)) is used in the figures and tables. (i) Consider the kinetic energy flux (KE flux) at the inlet. KE flux varies with inlet shapes such as rounded contractions and with transverse velocities. In this study, the inlet shape is without any contraction, and the velocity profile is the mean axial velocity V m only. Then the kinetic energy flux across the inlet, where the channel width is b, is given by
In this case, KE flux Inlet has a constant value for channel flow, so we define KE flux Mean as
Note that the unit of KE flux is that of power. In the fully developed Poiseuille flow, the streamwise velocity distribution is given by (4.8), and the kinetic energy flux of channel Poiseuille flow is (i) For a sharp-edged inlet channel, the dimensionless T-Wall-Power is reduced from (5.9) and (6.1) to
and thus,
In the numerical calculation, we have 
Regarding |T-T-Wall-Power |, we have
where if I 1 (= I 0 − 1) indicates the Poiseuille region, then ω | y=h = 6 from (4.9) and (6.1).
(ii) The dimensionless T-Flow-Power is obtained from (5.8) as
and thus, 
However, since |T-T-Wall-Power | depends upon Re, it is difficult to directly calculate R c,min from (6.10). Therefore R c,min is obtained in two steps: (a) |T-T-Wall-Power | from (6.8) and (b) via linear interpolation as can be seen in Table 7 (ii) It is noted that equations (6.8) and (6.10) show a possible reason why Re is the primary parameter for L-T transition in channel flow [32] .
(iii) When |T-T-Wall-Power| > ∆KE flux, the difference between |T-T-Wall-Power| and ∆KE flux might be maintained in the internal energy of the fluid, restoring to the pressure of the fluid.
(iv) Since T-Flow-Power equals T-Wall-Power, the criteria for determining R c can be written as follows [10] : (i) We consider the reason why Poiseuille flow is stable by examining the shear stress µ(du/dy). The shear forces exert on a fluid some shear stresses at y and (y + ∆y) for ∆x, denoted as τ -force 1 and τ -force 2 , respectively. From (4.8), we have
|T-T-Flow-Power|
Then the shear force per unit volume is expressed by subtracting τ -force 1 from τ -force 2 , resulting in the constant axial pressure difference: 7.1. Governing equations. We introduce the stream function and vorticity formulae in two-dimensional Cartesian coordinates as governing equations to avoid the explicit appearance of the pressure term. Accordingly, the velocity fields are determined without any assumptions regarding pressure. Subsequently, the pressure distribution is calculated using values of the velocity fields.
Let ψ be the stream function. The dimensionless transport equation for the vorticity ω is expressed as
The Poisson equation for the stream function is given by
The axial velocity u and transverse velocity v are defined as derivatives of the stream function,
The pressure can be calculated from the steady-state form of the Navier-Stokes equations. The pressure distribution for the x-partial derivative is Since u and v are known at every point from (7.1), a smooth pressure distribution that satisfies both (7.2) and (7.3) is calculated using the Poisson equation for the pressure [24] ,
For the calculation of the pressure distribution, it is important to make no assumptions. Accordingly, the vorticity transport is solved first and then the pressure distribution equations are solved. The initial values are determined using (7.2) , and then (7.4) is used to obtain better approximations.
7.2. The numerical method and the mesh system. The finite difference equations for both the stream function-vorticity and the pressure are solved by the Gauss-Seidel iterative method. This computational scheme uses the Forward-Time, Centered-Space (FTCS) method. The scheme has second-order accuracy in the space variables and first-order accuracy in time. The used rectangular mesh system is schematically illustrated in Figure 3 7.3. The vorticity on the wall. For the vorticity, the boundary condition at the no-slip walls is derived from (3.5). Using a three-point, one-sided approximation for derivatives, we obtain
The boundary conditions for the axial velocity at the channel inlet (i = 1) are approximated as u 1,j = 1, 1 ≤ j ≤ J 1 , and u 1,J0 = 0. Table 7 .1 displays the calculated results for the vorticity on the wall, where a large value of vorticity may appear at a channel inlet edge; ω 1,J0 at the channel inlet is 150 for J 0 = 51 (∆y ≈ 0.01) and 300 for J 0 = 101 (∆y ≈ 0.005); if ∆y → 0, then ω 1,J0 → ∞. In the FTCS method, ω 1,J0 is not used so that a reasonable ω| y=h can be observed in Table 7 .1. In the case of |T-T-Wall-Power| in this study, both calculated values of R c,min are close to the observed experimental values of about 1100-1400 (see Table 1 .1). When using |T-T-Flow-Power| in the previous study [10] , the calculated value for J 0 = 51 is somewhat smaller than the experimental value although the value for J 0 = 101 is close to its corresponding experimental value. The approximation for the pressure field needs to be reconsidered in future investigations. In summary, it is clear that |T-T-Wall-Power| and |T-T-Flow-Power| vs. ∆KE flux are possible methods for calculating R c .
8. Discussion. We consider the wall vorticity vs. the transverse mesh size ∆y, (3.11). The wall surface is (y = h), and the center of vorticity on the wall is (y = h − (1/2)∆y) so that the center of vorticity is approximated as (y = h), as displayed in Figure 3 Thus, if the velocity distribution near the wall is quadratic, then ω(b) = ω(c) under different transverse mesh sizes. The calculated results for the vorticity on the wall is nearly the same for (b) J 0 = 51 and (c) J 0 = 101 at Re = 1000 as can be seen in Table 7 .1.
9.
Conclusions. L-to-T transition occurs only in the entrance region under natural disturbance conditions, and the transition point is near the pipe or channel inlet, not the inlet.
In this paper we have studied ∆KE flux by the introduction of T-Wall-Power, which arises due to the transverse component of the viscous term (T-Wall-Force) in the Navier-Stokes equations on the wall. Accordingly, the hypothesized criterion for laminar-turbulent transition can be tersely expressed as follows:
L-T transition occurs if and only if |T-T-Wall-Power| < ∆KE flux. The criterion simply implies that if a channel flow develops into Poiseuille flow, then transition does not occur, and if not, then transition occurs.
T-Wall-Power clarified that under natural disturbance conditions:
(1) T-Wall-Power and ∆KE flux are effective only in the entrance region so that in determining R c , T-Wall-Force is a possible primary cause of the transition process;
(2) the Reynolds number becomes a critical Reynolds number, i.e., Re = R c , when |T-T-Wall-Power| = ∆KE flux;
(3) the R c value depends greatly upon the roundness of the entrance or depth-contraction ratio and upon the flow conditions at the inlet. Thus R c has minimum values of R c,min = 1260 for (b) J 0 = 51 and 1190 for (c) J 0 = 101, when using a sharp-edged entrance channel;
(4) therefore, the assumptions outlined in Section 1.3 have been confirmed, and (5) we have devised the wall control-volume method, i.e., by the method, it is clear that A-Wall-Force is the primary cause for the axial pressure drop and T-Wall-Force is that for the transverse pressure drop or ∆KE flux, resulting in equation (2.3). x = dimensionless x-coordinate (x/H) x e = entrance length from inlet x t = transition length from inlet X = dimensionless X-coordinate for channel flow (x/(HRe)) X t = dimensionless transition length (x t /(HRe)) y = transverse or y coordinate µ = viscosity coefficient ν = kinematic viscosity (µ/ρ) ρ = density τ w = wall shear stress (4.1) ω = vorticity ψ = stream function ∆KE flux = increase in kinetic energy flux (6.4) (∆p) wc = transverse pressure drop between the pressures on the wall and the centerline
